Three fungal strains isolated from tobacco were cultured on tobacco water extracts. In these cultures, the mycelium weight was shown to be correlated with the concentration of a steroid, ergosta-5,7,22-trien-3j!-ol [ergosterol]. This steroid is not a tobacco constituent, but tobacco samples where mold or yeast infections had occurred exhibited significant amounts of it. A method is proposed to quantify ergosterol in tobacco samples by reverse-phase high-performance liquid chromatography (HPLC) with UV detection at 282 nm. 7-Dehydrocholesterol can be used as internal standard.
Three fungal strains isolated from tobacco were cultured on tobacco water extracts. In these cultures, the mycelium weight was shown to be correlated with the concentration of a steroid, ergosta-5,7,22-trien-3j!-ol [ergosterol] . This steroid is not a tobacco constituent, but tobacco samples where mold or yeast infections had occurred exhibited significant amounts of it. A method is proposed to quantify ergosterol in tobacco samples by reverse-phase high-performance liquid chromatography (HPLC) with UV detection at 282 nm. 7-Dehydrocholesterol can be used as internal standard.
When found in a tobacco sample, the ergosterol concentration exhibits a good correlation with that of another related steroid, ergosta-4,6,8(14),22-tetraen-3-one [ETO] , for which an HPLC quantification method in tobacco is proposed. Because it is highly fluorescent, ETO is also amenable to a sensitive and quick determination by thin-layer chromatography (TLC). Once produced on tobacco, ergosterol concentration remains stable through storage under normal conditions, and even primary processing does not alter it appreciably. Possible applications of ergosterol analysis to the detection of fungal infections or the monitoring of fungal growth on tobacco are outlined. In addition, TLC estimation of the ETO concentration in a sample may constitute a convenient and fast screening method for fungal infections.
ZUSAMMENFASSUNG
In einem wiillrigen Tabakextrakt wurden drei aus Ta 
INTRODUCTION
Fungal infections are among the major causes of spoilage and quality losses that may occur during the storage of cured tobacco. It is therefore of importance to have means of assessing quantitatively the extent of a fungal contamination in a tobacco sample. Microbiological counting methods suffer from serious drawbacks. It often takes a few days to complete the determination and one only gets an estimate of the viable spore population in the sample. This can lead to false positive results if spores have been deposited on the sample but no microbiological activity is actually taking place. Conversely, following an invasion, the microorganisms may have died or be in a vegetative form and a false negative result is obtained. An alternative approach is provided by the identification and monitoring of chemical or biochemical markers. Several systems have been described (1), among which two are potentially applicable to screening of tobacco samples for fungal contaminations. One involves glucosamine analysis after hydrolysis as a way to estimate the sample content in chitin, a major , cell-wall component of most fungi (2, 3) . This approach, however, has several shortcomings: amino sugars are present in significant amounts in tobacco, insect parts could cause false positive responses, and the procedure is rather tedious. The second approach, which was found more sensitive and straightforward for the screening of cereals ( 4), involves the analysis of a specific steroid: ergosterol (5). 
-Dehydrocholesterol
Ergosterol [ergosta-5,7,22-trien-3~-ol (I in Figure 1 )] is a major steroid in practically all molds and yeasts (6), but does not occur in significant amounts in higher plants. Very few reports have been made of the presence of ergosterol in tobacco (7), and its occurrence was only linked to fungal contamination of the tobacco in a recent paper (8) which also mentioned the presence in the infected samples of a related steroid, ergosta-·4,6,8(14),22-tetraen-3-one [ETO (11 in Figure 1) ].
In the present paper we propose a method for ergosterol analysis in tobacco and discuss the possibility of using it as a chemical marker of fungal contamination. The use of ETO detection as a quick screening technique to select samples with high ergosterol levels is also presented.
MATERIALS AND METHODS

Reagents
Ergosterol (99%) was obtained from Sigma.
7-Dehydrocholesterol (purum > 98%) was obtained from Fluka.
ETO was synthesized from ergosterol according to ELKS (9) .
All solvents used were of HPLC grade (Romil) and all other reagents of analytical gra~,e (Fluka).
Czapek agar I chloramphenicol was obtained from Difco.
Analysis of Ergosterol in Tobacco
Clean-up: The ground tobacco sample (-5 g) is refluxed for 60 minutes in 50 ml of a 0.5 M methanolic KOH solution, the mixture is cooled, and 10 ml of 15% aqueous NaCl and 50 ml of petroleum ether are added. The petroleum ether phase is collected after shaking and centrifugation, and the methanol is re-extracted with an additional 25 ml of petroleum ether. The pooled petroleum ether fractions are dried under reduced pressure (Biichi Rotavapor M) and the resiques are washed with petroleum ether onto ' a silica prepacked 500 mg cartridge (Millipore SEP-PAK) equilibrated with the same solvent. The cartridge is fitted to a vacuum manifold (Analytichem International Vac~ elute), first washed with 10 ml of 4% diethyl ether in petroleum ether, and ergosterol is subsequently eluted with 10 ml of 60% diethyl ether in petroleum ether. The solvents are evaporated and the residues re-dissolved in methanol, adjusting the volume to 5 ml, for analysis by high-performance liquid chromatography (HPLC) .
. A typical chromatogram obtained from a tobacco extract is shown in Figure 2 .
For mass-spectrometric investigations, the chromatograph was connected to a HP 5988 mass spectrometer through a thermospray interface (ionization: filament on, 950 e V energy).
The same chromatographic conditions were used, with the following e~_ceptions: column: 200 mm X 2.1 mm column packed with 5 11 Hypersil MOS (Hewlett-Packard), · (0.8 ml/ min).
Precision and Accuracy of the Method: For repeated analyses of a tobacco sample containing about 10 ppm of ergosterol, the relative standard deviation at the 2-sigma level is 3%. The lower quantification limit is about 400 ppb in tobacco. Special care was devoted to checking the accuracy of the method, as some samples exhibited ergosterol con· tents considerably higher than what was expected from previous studies (8) .
The peak purity was confirmed by the following experiments:
Mass·spectrometric single-ion monitoring of the LC eluates confirmed the presence of ergosterol at the expected retention time. Ions monitored: m/e 379 (MH+-
The presence of interferen~e by other UV -absorbing compounds eo-eluting with ergosterol was ruled out by UV scanning of the eluates, and also by re-injecting the samples after· destroying the ergosterol by UV irradiation (254 nm, 10 min).
Additionally, results were cross-checked by analyzing some samples by capillary gas chromatography after trimethyl silylation, operating as described by SEVER· soN et al. (10) . The results obtained by this method were in excellent agreement with those obtained by the proposed HPLC method.
Analysis of Ergosterol in Mycelium
Sample preparation for ergosterol analysis in mycelium is the same as the one followed for tobacco samples, except that the clean-up on silica cartridges is no longer needed: the pooled petroleum ether fractions are evap· orated and the residues are directly re-dissolved in methanol, made up to volume (5 ml), and subjected to HPLC analysis. Chromatographic conditions are identical to those used for analysis of tobacco samples.
Clean-up Recovery (use of an internal st4nd4rd)
The yield of the clean-up procedure (including hydrolysis) used for ergosterol analysis in tobacco was determined by the standard addition technique. The recovery of the added ergosterol was found to be between 85% and 90%. Carrying out the hydrolysis un-· der nitrogen gives slightly higher recoveries, which can reach 95%. While using the procedure detailed above is generally acceptable with regard to the tobacco heterogeneity, it may be desired to take directly into account all losses by the use of an internal standard. 7-Dehydrocholesterol (Ill in Figure 1 ) can be used for this purpose as it is structurally very close to ergosterol and exhibits a strong absorbance at 282 nm. It was verified 130 that its recovery through the analytical procedure 1s identical to that of ergosterol.
The method has to be modified as follows:
Sample Preparation: A constant amount of internal standard solution is added to the sample with a syringe before hydrolysis. The same amount is added to ergosterol standard solutions in order to obtain a relative response factor.
Chromatographic Conditions: The chromatographic conditions are the same as above, except for the mobile phase: water/methanoVacetonitrile = 5/47/48 and column temperature = 35 °C.
A typical chromatogram obtained under these conditions from a tobacco extract is shown in Figure 3 .
Ergost4tetraenone [ETO] Analyses
HPLC Quantification: For quantitative determination of ETO concentration in samples subjected to ergosterol analysis, the procedure is as follows:
Sample Preparation: The sample is processed as for ergosterol analysis in mycelium.
Chromatographic Conditions: The conditions are the same as for ergosterol analysis, except that fluorimetric detection is used.
Filter bandwidth: excitation, 340-380 nm; emission, 460-650 nm.
Estimation by Thin-layer Chromatography (TLC):
For TLC estimation of ETO concentration in tobacco, the ground tobacco is extracted with petroleum ether (1/10), and 1-2 j.Ll of the extract are applied directly onto a pre-coated silica plate (Merck 10 cm X 10 cm silica gel 60 F 254) and eluted with benzene/acetone (9/1). ETO appears under UV light (366 nm) as a blue spot with a R 1 value of 0.65, and quantities as low as 20 pg per spot are visible. By comparing the spot brightness to that of different standards of selected concentrations deposited on the same plate, the range of the ETO concentration in the sample can be roughly estimated.
Fungal Cultures in Tobacco Extracts
This study was carried out on three mold strains that had previously been isolated from tobacco and identified: Aspergillus niger, Penicillium brevicompactum, Eurotium spicolosum.
A culture 1s started on agar plates and incubated at 25 °C. The spores are collected in distilled sterile water, and this solution is used to inoculate the tobacco extracts. Cut flue-cured tobacco is extracted at 40 °C with water in a 1/5 ratio for 30 minutes. The tobacco is filtered off and the extract sterilized. A series of 50 ml samples is prepared, each of which is inoculated with the pure culture of the selected strain and incubated at 25 °C. After the selected incubation time (0 to 18 days) the sample is filtered on a glass microfiber filter (25 mm diameter Whatman GF/B), and the mycelium is rinsed with distilled water and dried at 70 oc for 4 hours to determine its dry weight. Both filtrate and mycelium are analyzed to obtain the total ergosterol content.
Fungal Population Counting
Ground tobacco (2.5 g) is extracted for 30 min with 50 ml of sterile isotonic solution at 4 °C. The solution is filtered through sterile gauze into a sterile flask. Sterile Petri dishes are inoculated with 4 ml of the tobacco extract -or a dilution thereof if neededand filled with 20 ml of Czapek agar I chloramphenicol medium kept at about 55 °C. The dishes are incubated at 25 °C for 5 to 10 days, depending on the growth rate, until the number of colonies can be counted. This method will count viable spores of both yeasts and molds.
Tobacco Storage under Controlled Conditions
To promote the growth of the natural flora on a tobacco matrix, 5 kg of strips were stored in 300 1 climate-controlled cabinets (Mazzali Umidotest U-830-K5) for up to 7 weeks. The temperature was regulated at 25 oc and the relative humidity kept at 80% (corresponding to equilibrium moisture contents of 22%-23%). Samples were taken at 1 week intervals, and their ergosterol concentrations were determined together with their fungal population (yeasts and molds).
RESULTS AND DISCUSSION
Bound and Free Ergosterol
Steroids may be present in plant material as fatty acid esters, as glycosides and/ or in the free form. An alkaline saponification will hydrolyze the esters but not sig~ · nificantly the glycosides, and the converse is true under acidic conditions. Samples from the same tobacco were subjected to acid and base hydrolyses as well as combinations of the two. This was done on a set of tobaccos of different type and origin, and the ergosterol yields obtained after each of these treatments from a given tobacco were compared.
On average, about 60% of the. total extractable ergos- terol is present in tobacco in the free form, and the bound ergosterol ( 40%) is almost exclusively in the form of fatty acid esters. These proportions are practically independent of the type of tobacco considered. This means that an acid hydrolysis step can be omitted when estimating the total ergosterol concentration of a tobacco sample.
Flgure4. Ergosterol and mycelium In liquid cultures (Aspergillus niger).
Cultures of Fungi on Aqueous Tobacco Extracts
Three fungal strains previously isolated from tobacco were cultured on water extracts of flue-cured tobacco.
The results obtained with the strain Aspergillus niger are given in Figures 4 and 5 . Qualitatively, very similar results were obtained with the other two strains, but the ergosterol/mycelium ratio was about twice as low for Penicillium brevicompactum as that of the other two strains. All three strains also grew and produced ergosterol when cultured on water extracts of Burley or Oriental tobaccos. Figure 4 demonstrates the simultaneity and the close parallelism that prevails between the fungal mycelium growth and the ergosterol build-up in the culture. This is true from the very beginning of the infection and at 1 00 200 300 400 500 600 700 800 900 1000 11 00
Ergosterol (1 '9) least throughout the first part of the incubation, i.e. from day 0 to day 9, as long as growth is actually taking place. After 9-10 days the mycelium weight stabilizes as growth essentially stops. The ergosterol production remains fairly constant however, until day 14.
The correlation between mycelium weight and ergosterol is shown in Figure 5 . The experimental points can be very well fitted to a quadratic equation (r 2 == 0.9996).
Fungal Growths on Cured Tobaccos
Mold cultures in aqueous tobacco extracts allow a direct verification of the correlation that prevails between mycelium weight and ergosterol. However, these experiments are limited to a single strain growing in a liquid medium under axenic conditions. Therefore two batches of Oriental and flue-cured strips were kept under conditions where fungal growth could be expected from their natural flora (yeasts and molds). Under these conditions, there is no practical way of estimating directly the mycelium weight of a sample. Fungal growth can then be evidenced indirectly, by monitoring the resulting increase in fungal population counts as determined by classical microbiological methods.
The results are given in Figures 6 and 7 , which plot the ergosterol concentration of the tobacco together with the logarithm of the fungal population count as a func-.tion of time. The plots show clearly the simultaneity of the increases in both parameters. ' Additionally, a sample of Burley tobacco which had received an excess amount of casing and in which fermentation had .started, was incubated at 25 °C and 80% relative humidity and analyzed as above. The results are reported in Figure 8 , and they show the same simul-,taneity between the increases in ergosterol concentra-'tion and fungal population as is observed for uncased raw tobaccos.
Stability a/Ergosterol in Tobacco
In the free form in solution, ergosterol is fairly sensitive to UV irradiation and oxidizing agents. It displays, however, remarkable stability on a tobacco matrix:
-The ergosterol concentration of tobacco stored under normal conditions and where no fungal infections occur remains unchanged over a period of several months.
-The ergosterol concentration of cased Burley is not affected by high-temperature drying·(after correcting for humidity changes).
-The average ergosterol concentration of a cut blend after tobacco processing is equal to the sum of the contributions of all the blend components measured before factory operation (after correcting for additional casing weight and moisture changes).
It appears from these observations that ergosterol in a tobacco matrix is stable through normal storage and is not appreciably degraded during primary processing.
Figures.
Ergosterol and fungal population In Burley tobacco. 
Range of Ergosterol Levels in Tobacco
A large number of raw tobaccos of different grades and origins routinely used in the manufacture of tobacco products were analyzed and their average ergosterol concentrations determined. The ergosterol level of Oriental tobaccos was always below 3 ppm. For flue-cured tobaccos it could however reach 20 ppm, and be as high as 35 ppm for Burley tobaccos, with no detrimental impact on their quality.
Quick Screening Method for Fungal Steroids
Any quality-control application of ergosterol monitoring suffers from a major drawback: and ongms encompassing a wide range of ergosterol levels was analyzed by HPLC to determine their ETO concentrations as well. The results are plotted in Figure 9 , which demonstrates the good correlation that exists between the levels of both steroids (rl = 0.943).
From the slope of the regression line, the concentration ratio of ergosterol to ETO is about 25 to 1. The 100 ppb detection limit for ETO in tobacco therefore corresponds to about 2.5 ppm of ergosterol, which is quite sufficient for screening purposes.
CONCLUSION
A method was developed and assessed to quantify ergosterol in tobacco samples. It was shown that ergosterol production is directly linked to mycelium growth in mold cultures on aqueous tobacco extracts, and that it is alsO an indicator of mold or yeast groWth on tobacco strips. Ergosterol appears therefore as an accurate and sensitive marker of fungal growth in tobacco products, even allowing detection of past infections due to its stability and non-volatility. Ergosterol monitoring should find an application in confirming or replacing altogether microbiological determinations when estimating fungal growths (studies on storage or preservation of tobacco products). The fact that it remains on a sample after a microbial infection makes it also a valuable tool in assessing the origin of certain spoilages.
The correlation between the concentration of ergosterol and that of a related steroid (ETO) in tobacco samples was established. The fast screening of the presence and concentration range of ETO, therefore, can provide a means to quickly select samples with significant ergosterol levels when assessing larger tobacco batches.
